Antimicrobial potential of quinoa seeds from six diverse seeds, grown in three distinctive geographical zones of Chile, was correlated with their total phenolic content (TPC), total flavonoid content (TFC) and total saponin content (TSC). The six seeds were Ancovinto, Cancosa, Cahuil, Faro, Regalona and Villarrica. A significant influence of quinoa source on chemical composition of seeds was observed. Extracts of all quinoa samples showed antimicrobial activity in the range of 8.3 -14.8 mm inhibition zone for E. coli and 8.5 -15.0 mm inhibition zone for S. aureus. Cancosa seeds had the highest antimicrobial action. The TPC and TFC ranged from 3.71 to 16.55 mg GA/100 g d.m. and 7.77 to 14.37 mg QE/100 g d.m., respectively. TSC varied from 1.78 to 3.08 g/100 g d.m. A correlation between TFC and antimicrobial activity was found. In conclusion, the six types of quinoa seeds were identified as potential sources of antioxidant compounds and antimicrobial activity.
Introduction
In recent years, there has been a dramatic increase in the number of reported poisoning outbreaks caused by food-borne pathogenic bacteria. Consequently, there has been considerable interest in preventing food contamination by food-borne pathogens. Traditionally, various methods, such as heating, reducing water activity, smoking, fermentation, UV radiation and adding antimicrobial agents, have been used to prevent spoilage of foods. The addition of antimicrobial agents has been a particularly effective method for controlling microbial contamination [1] .
A renewed interest has occurred to search for phytochemicals of native and naturalized plants for pharmaceutical and nutritional purposes [2] [3] . Plants produce a multitude of organic compounds that have antimicrobial activity. The compounds are found in various plant parts such as stems, roots, leaves, bark, flowers or fruits and seeds and include alliin/allicins, isothiocyanates, plant pigments, hydrolytic enzymes, proteins, essential oils and phytoalexins or phenolic compounds [3] . However, few reports refer to antimicrobial compounds in seeds although many of these chemical compounds are present in seeds or seed coats, including alkaloids, lectins, and phenolic compounds such as lactones, tannins and flavonoids for which strict standards are required [4] . These compounds probably function in the protection of seeds from microbial degradation until conditions are favorable for germination [3] [5] [6] .
Cultivated Quinoa (Chenopodium quinoa Willd.) was originated some seven thousand years ago from South America, in today's countries such as Peru, Bolivia, Chile, Ecuador, Colombia and Argentina. This crop constitutes a great potential for agronomic demands because it can adapt to produce high grain yields under adverse or stressing conditions [7] [8] and it has been indicated by the FAO as one of the crops that could better fight hunger and poverty [9] . The major groups of main components that make effective antimicrobials include saponins, flavonoids, carvacrol, thymol, citral, eugenol, linalool, terpenes, and their precursors [10] . Phenolics, flavonoids and saponins have been identified as bioactive components from quinoa seeds [11] - [13] .
At present, the food industry is facing a tremendous pressure from consumers for increasing security what has provoked higher use of chemical preservatives to prevent the growth of food-borne and spoiling microbes. Then, reducing or eliminating chemically synthesized additives from foods is a current demand worldwide. A new approach to prevent the proliferation of microorganisms or to protect food from oxidation is the use of natural compounds as preservatives [14] .
The objective of this present investigation is to evaluate the antimicrobial potential of quinoa seeds (Chenopodium quinoa Willd.) from the three ancestral production areas of Chile and to correlate such potential with their phytochemical content.
Material and Methods

Origin of Quinoa Seeds and Preparation of Samples
The quinoa seeds (Chenopodium quinoa Willd.) were harvested from the three ancestral production areas of Chile from small-scale farmers that do not use chemicals such as pesticides (North Highlands at 19˚S, Center at 34˚S and Southern Chile at 39˚S). Six sources of quinoa were chosen (seeds belonging to the harvest season of 2010). The two north Highlands seeds were Ancovinto and Cancosa (two localities around 19˚S). The two center sources were Cahuil and Faro (both around 34˚S) and the two southern sources were La Regalona (official variety) and Villarrica (a locality around 39˚S). The samples were analyzed without a dehusking treatment, so that they were only inspected visually to discard contaminant particles or impurities. Analytical determinations were carried out on ground quinoa seeds using a grinder (MC0360, UFESA, Zhejiang, China).
Proximate Analysis
The moisture content was determined by AOAC method n˚. 934.06 [15] . The crude protein content was determined using the Kjeldahl method with a conversion factor of 6.25 (AOAC n˚. 960.52). The lipid content was analyzed gravimetrically following Soxhlet extraction (AOAC n˚. 960.39). The crude fiber was estimated by acid/alkaline hydrolysis of insoluble residues (AOAC n˚. 962.09). The crude ash content was estimated by incineration in a muffle furnace at 550˚C (AOAC n˚. 923.03). The available carbohydrate was estimated by difference. All methodologies followed the recommendations of the Association of Official Analytical Chemists [15] . The results were expressed as g/100 g dry matter (d.m.).
Preparation of Extracts
Ten-gram of quinoa seeds finely ground of each source with 50 mL of absolute ethanol (99.0%, Sigma-Aldrich, Steinheim, Germany) were mixed. The mixtures were then left in the dark, at room temperature for 24 h with orbital shaker (Boeco OS-20, Hamburg, Germany) at 200 rpm, prior to filtration (Whatman no. 1) and centrifugation (Eppendorf 5804R, Hamburg, Germany) at 5000 rpm for 10 min at 5˚C. The clear extracts were filtered by Millex-GV Filter Units (0.22 μm, Merck KGaA, Darmstadt, Germany) followed by concentration under reduced pressure at 40˚C (Buchi, model RE-121, Flawil, Switzerland). Dried quinoa extracts were dissolved in 15 mL sterile distilled water to a final concentration of approx 30.0 mg of extract/mL and refrigerated until antimicrobial assay.
Antimicrobial Activity
Extracts from seeds were tested for antimicrobial activity against two microorganisms, Staphylococcus aureus (ATCC 25923) (Gram-positive) and Escherichia coli (ATCC 25922) (Gram-negative), using the disk diffusion assay technique [3] [16] . All the bacterial strains were provided by the Chilean Institute of Public Health (Instituto de Salud Pública de Chile, ISP).
Disk Diffusion Assay
Petri plates were prepared with 20 ml of sterile Mueller-Hinton agar (Fluka, St. Louis, MO, USA) for bacteria and allowed to dry for 10 min [16] . The test organisms S. aureus and E. coli were grown at 37˚C on blood agar and MacConkey agar (Fluka, St. Louis, MO, USA), respectively. After 18 to 20 h incubation, each microorganism was diluted in sterile double distilled water to an approximate optical density of 0.5 using a MacFarland standard (1 × 10 8 cfu/mL) [4] . Mueller-Hinton agar plates were swabbed on three axes with a sterile swab dipped in the freshly prepared diluted culture. 60 μL of each quinoa extract were individually applied to 6 mm sterile disks. Negative control was prepared using respective solvent (pure ethanol). When negative control disks were dry, all disks with extracts were transferred to Mueller-Hinton plates. Amoxicillin 100 μg/mL was used as positive control. Analyses were run in quadruplicate. The plates were inverted and incubated at 37˚C for 18 h. Inhibition zone measurements were reported as an average of the replicates showing antimicrobial activity [3] [16].
Determination of Total Phenolic Content (TPC)
TPC was determined colorimetrically using Folin-Ciocalteau reagent (FC) according to Chuah et al. [17] with modifications. A 0.5 mL aliquot of the quinoa extract solution was transferred to a glass tube; 0.5 mL of reactive FC were added after 5 min; and 2 mL of Na 2 CO 3 solution (200 mg/mL) were added and shaken. The sample was then mixed on a vortex mixer and the reaction proceeded for 15 min at ambient temperature. Then, 10 mL of ultra-pure water were added and the formed precipitate was removed by centrifugation during 5 min at 4000 rpm. Finally, the absorbance was measured in a spectrophotometer (Spectronic ® 20 GenesysTM131, Illinois, USA) at 725 nm and compared to a galic acid (GA) calibration curve. Results were expressed as mg GA/100 g d.m. All reagents were purchased from Merck (Merck KGaA, Darmstadt, Germany).
Determination of Total Flavonoid Content (TFC)
TFC was determined according to the method of Zhishen et al. [18] and Liu et al. [19] with modifications. An aliquot (0.5 mL) of each extract or standard solution was mixed with 2 mL of dd H 2 O (deionised) and 0.15 mL of 5% NaNO 2 solution. After 5 min, 0.15 mL of 10% AlCl 3 *10 H 2 O solution were added. After 6 min, 1 mL of 1 M NaOH solution was added and then the total volume was made up by 1.2 mL with dd H 2 O. Following thorough mixing of the solution, the absorbance against blank was determined at 415 nm. Quercetin (QE) (SigmaAldrich, Steinheim, Germany) was used for establishing the standard curve. The results were expressed as mg QE/100 g d.m.
Determination of Total Saponin Content (TSC)
TSC was analyzed based on the reverse-phase high-performance liquid chromatography (HPLC) procedure de-scribed by Madl et al. [20] and San Martin and Briones [21] with some modifications. First, 3 g of ground sample were extracted with an aqueous solution of ethanol 50% v/v (ratio 1:13) for 2 h under constant stirring on an orbital shaker (Boeco germany, OS-20) at 200 rpm. The extract was then removed by centrifugation (Centrifuge 5804R, Germany) for 25 min at 5000 rpm and the supernatant was dried at 50˚C for 20 h. HPLC analysis was conducted on an Agilent 1200 Series HPLC system which included a DAD set at 210 nm and an automatic injector. The separation was carried out using a ZORBAX Eclipse XDB-C18 column (4.6 × 150 mm, 5 μm) at 20˚C. The mobile phase consisted of an aqueous solution of 0.1% formic acid (A) and acetonitrile (B). A gradient system was applied, starting from a ratio of A:B of 75:25 (v/v) to a ratio of 65:35 (v/v) during 12 min with a constant flow rate of 0.7 mL/min. Then, the ratio was changed to 55:45 (A:B; v/v) and after a run time of 25 min flow rate was changed to 1.0 mL/min with isocratic elution until a total run time of 30 min. The injected sample volume was 5 μL with a concentration of 5 mg/mL of dry extract. A purified extract of total saponin (78% w/w) was used as standard and total saponins concentration in samples was expressed in g/100g d.m. All solvents were of HPLC grade (Merck, Darmstadt, Germany).
Statistical Analysis
Proximate analysis, TPC, TFC and TSC were applied in triplicate. All data were expressed as mean ± standard deviation (SD). Analysis of data was performed using Statgraphics Centurion XV (Statistical Graphics Corp., Herndon, Virginia, USA). Significance testing was performed using Fisher's least significant difference (LSD) test; differences were taken as statistically significant when p < 0.05. The Multiple Range Test (MRT) included in the statistical program was used to prove the existence of homogeneous groups within each of the parameters analyzed. Correlations among compounds (TPC, TFC and TSC) and inhibition zone were calculated on quinoa sources, according to Pearson's product test. In addition, Principal Component Analysis was performed to the whole set of data (Inhibition zones, TPC, TFC and TSC) in order to give an overall proximity/distance figure among the three different geographical zones of each quinoa seed source studied here.
Results and Discussion
Proximate Analysis
The nutritional composition of six quinoa sources from the three different zones ( Table 1 ) showed significant differences from the three geographic zones (p < 0.05). As expected, lower moisture content was observed for the northern drier zone as compared to the center-southern zones. The moisture content of the six sources ranged between 7.81 g/100 g d.m. (Ancovinto) and 15.20 g/100 g d.m. (Villarrica). Similar values were previously reported by Wright et al. [11] and other authors [22] [23] with moisture values between 8.2 to 16.6 g/100 g d.m. The highest ash and crude fiber contents were found in the southern zone, being Villarrica the one with highest values (3.74 and 2.88 g/100 g d.m of ash and crude fiber, respectively). Similar contents were reported by other studies [11] [24] . Protein content was also high in all quinoa sources and it ranged between 11.51 g/100 g d.m and 16.24 g/100 g d.m. (Table 1) . Repo-Carrasco-Valencia et al. [22] working with quinoa from Perú found similar values between 11.32 and 14.72 g/100 g d.m. Interestingly, protein content of quinoa from all the zones was higher compared to the flours of cereals like rice, maize, and rye (containing 8 to 11 g/100 g d.m. [7] . The Cahuil type has a significantly higher content of fat (7.31 g/100 g d.m.) as compared to the other five sources (<6.7 g/100 g d.m.), with similar values to those reported for different quinoa sources by Miranda et al. [23] and Wright et al. [11] . The main component of all six sources was carbohydrates, which was calculated by difference; the variation in carbohydrate contents for different sources is attributed to the differences in the contents of other constituents.
Antimicrobial Activity
Two microorganisms were tested for their sensitivity to six different extracts of quinoa. The antimicrobial potential was initially determined by the agar disk-diffusion method. Table 2 presents diameters of inhibition zones (clear zones around disks) exerted by quinoa extracts towards tested microorganisms. All the extracts investigated displayed relevant antimicrobial activity ( Table 2) . Similar diameters of inhibition zones for E. coli and S. aureus were reported by Oliveira et al. [25] : >9 mm (S. aureus) and <1 mm (E. coli) working with aqueous extracts of walnut green husks from different cultivars Borchardt et al. [3] reported 7 -20 mm (S. aureus) [28] reported 7 -12 mm (S. aureus) and 7 -14 mm (E. coli) working with extract of different species. Difference in the activity of quinoa extracts among studies could be partially explained by variations in bioactive agents of extract and strains sensitivity. The seeds that showed the highest bacterial inhibition zone were those of the Northern localities (Ancovinto and Cansosa) with an inhibition percentage higher than 62% for E. coli and higher than 51% for S. aureus. For both bacteria studied, Cancosa seeds had the highest antimicrobial action. The Gram-positive bacteria (S. aureus) were more sensitive to the quinoa antimicrobial action than the Gram-negative bacteria (E. Coli) as observed in Table 2 . Khoobchandani et al. [16] reported that most of the Gram-negative bacteria are more resistant than the Gram-positive against antibiotics. Hence the excellent performance of the seed extract with Gram-negative (E. coli), as well as with Gram-positive (S. aureus), was particularly interesting.
Total Phenolic Content and Total Flavonoid Content
Polyphenols are bioactive secondary plant metabolites that are widely present in commonly consumed foods of plant origin. The three main types of polyphenols are flavonoids, phenolic acids and tannins, which act as powerful antioxidants in vitro [22] . There is very little information concerning polyphenols and antioxidant activity in Andean grains such as quinoa. Figure 1 shows TPC and TFC of the six seed types of quinoa studied (p < 0.05). TPC in quinoa extracts was different according to the seeds. Cahuil and Faro seeds showed the highest amount of these compounds, with 16.55 and 16.32 mg GA/100 g d.m., respectively, being 2 -5-fold higher than for other seeds. The lowest amounts were obtained for Villarrica extracts with 3.72 mg GA/100 g d.m. (Figure  1) . TPC values in the present study are lower than the values found in the literature. Miranda et al. [29] for seeds of quinoa from Elqui Valley, Chile, reported values of 28.41 mg GA/100 g d.m. and Alvarez-Jubete et al. [12] reported that the total phenolics content of quinoa from Bolivia were 71.7 mg/100 g d.m. Polyphenols are hydrophilic phytochemicals and thus more hydrophilic extractants are better solvents for their recovery from plants [30] . The mechanism responsible for phenolic toxicity to microorganisms is related to reaction with sulfhydryl groups of proteins and unavailability of substrates to microorganisms [30] .
Flavonoids are bioactive compounds that are found in the form of pigments in plant parts, such as fruits and flowers [10] . These are synthesized by plants as a response to environmental stress and microbial infections, and are known to have antioxidant, anti-inflammatory and also antimicrobial properties [31] . In this study, all quinoa extracts showed different TFC according to the seeds, as shown in Figure 1 . TFC values ranged from 14.37 to 7.77 mg QE/100 g d.m. for Ancovinto (North-dry zone) and Villarrica (South-humid zone) seeds, respectively. Repo-Carrasco-Valencia et al. [22] reported that the total flavonoids content of quinoa from Peru was 11.6 -55.5 mg QE/100 g which was higher than that found in this study. The antimicrobial activity of flavonoids is largely due to their ability to penetrate biological membranes [10] .
The antimicrobial constituents, e.g. phenolics and flavonoids, were present in all quinoa extracts and they might explain its broad-spectrum activity against microorganisms (Figure 1) . Similar observations were reported by [30] regarding the correlation between total phenolics and the antibacterial activity of various plant extracts. Similarly, Zeng et al. [27] working with water-soluble extract from pine needles, which is rich in phenolic compounds and flavonoids, showed a broad spectrum of antimicrobial activity against gram-positive and gram-negative bacteria.
Total Saponin Content
Saponins are naturally occurring glycosides in many plants, such as Solanum and Allium spp., oats, soya, clover, and a variety of herbs and seeds [10] . In general, many saponins are also considered natural antimicrobial compounds making up part of plants' defense systems [13] . TSC for all quinoa extracts was different according to the seeds (Figure 2) . Cahuil seed showed the highest amount of these compounds, with 3.08 g/100 g d.m., being between 10% -40% higher than for other seeds. The lowest amounts were obtained for Ancovinto seed with 1.79 g/100 g d.m. (Figure 1) . Antimicrobial activities of saponins have been found against a wide range of microorganisms, such as P. fluorescens, E. coli, and Salmonella typhi [10] , since saponins interact with sterols and fatty acids on microbial membranes [10] . In a recent study, Quillaja Saponin-rich extracts also had antimicrobial activity against S. aureus [13] . In addition, Hassan et al. [13] suggest that saponins from various sources, extracted using different procedures, differ in their biological activities, most likely due to different chemical structures. Although some saponins are mainly used as emulsifiers and flavoring agents in food and beverages, they have potential for use as natural antimicrobials and preservatives for foods [10] .
Correlations between TPC, TFC, TSC and Antimicrobial Activity
Few literary sources are available on the relationship between TPC, TFC, TSC and antimicrobial activity. In the present study, a moderate and positively significant (p < 0.05) correlation between TPC and TSC (r = 0.60) was observed ( Table 3) . TSC showed a low and negative correlation (r = −0.17) for E. coli, but a positive correlation (r = 0.02) for S. aureus. The relationship between TFC and antimicrobial activities against E. coli and S. aureus was found moderate (r = 0.60 and 0.43, respectively) but positively significant (p < 0.05) for E. coli, indicating that flavonoid compounds might contribute to the antimicrobial activities against E. coli and S. aureus; while a weak and negative correlation was observed between TPC and antimicrobial activity against E. coli and S. aureus (r = −0.34 and −0.30, respectively) ( Table 3) . Although antimicrobial activity was observed with the extracts, it was not as high as the activity obtained with the antibiotics used as control ( Table 2) . The overall analyzed dataset (Inhibition zones, TPC, TFC and TSC) in this study was used to plot the first and second main axis of the Principal Component Analysis (Figure 3) . The first two principal components of the analysis explained 78.55% of the total variation of the variable-standardized data. It was possible to observe in the biplot that cold-temperate and arid environments were distributed and well separated between the left and right side of the central axis of PC1. The environment-induced relationship among variables and previous genotypes characterization [32] matched well in each quadrant of the biplot. Thus, describing positive correlation when vectors from the origin to each variable marker (white circle) presented an acute angle and a negative correlation when this was obtuse. This analysis gave a clear separation among the three geographical and genetic sources of quinoa used in this study.
According to the PCA for inhibition zones (Figure 4) , the compounds that mainly contributed to the antimicrobial activity for both E. coli as S. aureus were TFC. Similar behavior was observed in Pearson's coefficient correlations ( Table 3 ).
Conclusion
Quinoa seeds from Chile contain important phenolic, flavonoid and saponin concentrations, showing to be very rich in bioactive compounds and having antioxidant and antimicrobial activity. A significant influence of the diverse quinoa seeds on chemical composition and phytochemical content was also observed (p < 0.05). All quinoa seeds have inhibitory activity against both gram-negative and gram-positive bacteria. Cancosa seed had the highest antimicrobial action. According to Pearson's test and Principal Component Analysis, the compounds (TPC, TFC and TSC) that mostly contributed to the antimicrobial activity against both E. coli as S. aureus were TFC. Further studies are needed to characterize quinoa extracts and to identify the molecules responsible for this bioactivity. In addition, seeds of quinoa were identified as potential sources of antioxidant compounds and antimicrobial activity. 
